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A variety of fabrication methods have been reported to synthesize asymmetric nanoparticles such as surface selective modification, [27] [28] [29] template assisted self-assembly, [30] surface controlled nucleation and growth, [11, 17, 31, 32] shrinkage-induced strategy, [33] [34] [35] and microfluidic techniques, [36, 37] etc. Most of asymmetric nanocomposites obtained previously were mainly based on inorganic nanocrystals, solid or dense polymers, and SiO 2 , etc. [6, 11, 25, 26, 29, 30, 38, 39] In order to further provide enough storage space for guest molecules loading, the asymmetric mesoporous nanocomposites are critically desired. However, the strategy for the synthesis of mesoporous-based asymmetric nanocomposites is still in the imperfect start stage due to the difficulty in fine-tuning surface tension and lattice mismatch among different mesostructures. It has been demonstrated that the mesostructures can be oriented by surfactant micelles and further induced the anisotropic growth for the mesoporous silica. [40] [41] [42] [43] [44] Owing to the anisotropic growth of the mesostructures, various nanomaterials with asymmetric morphology and composition can be synthesized, such as Janus nanocomposites, [40] branched mesoporous silica nanoparticles, [41] multipodal periodic mesoporous organosilica (PMOs), [42] eccentric A novel degradation-restructuring induced anisotropic epitaxial growth strategy is demonstrated for the synthesis of uniform 1D diblock and triblock silica mesoporous asymmetric nanorods with controllable rod length (50 nm to 2 µm) and very high surface area of 1200 m 2 g −1 . The asymmetric diblock mesoporous silica nanocomposites are composed of a 1D mesoporous organosilicate nanorod with highly ordered hexagonal mesostructure, and a closely connected dense SiO 2 nanosphere located only on one side of the nanorods. Furthermore, the triblock mesoporous silica nanocomposites constituted by a cubic mesostructured nanocube, a nanosphere with radial mesopores, and a hexagonal mesostructured nanorod can also be fabricated with the anisotropic growth of mesopores. Owing to the ultrahigh surface area, unique 1D mesochannels, and functionality asymmetry, the obtained match-like asymmetric Au-NR@SiO 2 &EPMO (EPMO = ethane bridged periodic mesoporous organosilica) mesoporous nanorods can be used as an ideal nanocarrier for the near-infrared photothermal triggered controllable releasing of drug molecules.
Nanocomposites
Based on the remarkable success in growing single-component nanomaterials with controlled dimensions and intriguing morphologies, the fabrication of high-quality and monodispersed nanocomposites consisting of discrete domains with different compositions has attracted a great deal of attention in www.advmat.de www.advancedsciencenews.com single-hole nanorattles, [43] and so on. However, the structures and components of the existing asymmetric nanocomposites are still lacking in diversity, and the fabrication of asymmetry mesoporous nanocomposites with more complicated and advanced nanostructures is still urgently desired.
Herein, a degradation-restructuring induced anisotropic epitaxial growth approach for the synthesis of uniform diblock and triblock asymmetric mesoporous silica-based nanostructures is demonstrated for the first time. The obtained asymmetric diblock mesoporous silica nanocomposites are composed of a 1D mesoporous organosilicate nanorod with highly ordered hexagonal (space group, p6mm) mesostructure, and a closely connected dense SiO 2 nanosphere located only on one side of the nanorods. Starting from the silica-based nanospheres, which act as seeds, and first experience a degradation process, and further restructure with the posthydrolyzed silica oligomers in solution to form the 1D silica mesoporous asymmetric nanorods with controllable rod length (50 nm to 2 µm) and very high surface area of 1200 m 2 g −1 . Furthermore, the triblock mesoporous silica nanocomposites constituted by a cubic mesostructured nanocube, a nanosphere with well-aligned radial mesopores, and a hexagonal mesostructured nanorod can also be fabricated. Due to the species diversity of organosilanes, the composites of the frameworks of each building block can be well controlled (ethane, benzene, etc., bridged organosilica or pure SiO 2 ). By using silica-based core@shell nanoparticles as seeds, the obtained 1D asymmetric diblock and triblock mesoporous nanocomposites can be further functionalized with different inorganic nanocrystals, such as magnetic Fe 3 O 4 , upconversion nanoparticles (UCNPs), and Au nanorods (Au-NRs), etc. Owing to high surface area, unique highly ordered 1D mesochannels and anisotropic multifunctionalities, the obtained asymmetric diblock Au-NR@ SiO 2 &PMO mesoporous nanorods are more desirable for the guest molecule loading and controllable releasing compared with symmetric nanospheres.
The 1D asymmetric mesoporous nanorods can be obtained via a degradation-restructuring induced anisotropic growth strategy, while using silica-base nanoparticles (dense-SiO 2 or NCs@SiO 2 core@shell nanoparticles, etc.) as initial seeds, organosilane as a silica source, Hexadecyltrimethylammonium bromide (CTAB) as a template, ammonia as a catalyst. Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) images of the mesoporous SiO 2 &EPMO (EPMO = ethane bridged periodic mesoporous organosilane) nanoparticles obtained from the degradation-restructuring induced anisotropic growth strategy clearly show 1D matchstick-like asymmetric diblock nanostructure with uniform morphology (Figure 1A-C) . The "matchsticks" consist by two distinct parts, the initial dense spherical SiO 2 seeds and closely connected mesoporous organosilica nanorods. The length of the mesoporous organosilica nanorods increases with decreasing of the molar ratio between the seeds and organosilanes (Figure 1A-C; Figures S1 and S2 of the Supporting Information). For example, when 10 mg initial dense SiO 2 nanosphere seeds are used, the diblock nanocomposites with a ≈200 nm EPMO domain can be obtained ( Figure 1A ). The length of EPMO domain increases to ≈350 nm ( Figure 1B ), when the amount of the dense spherical SiO 2 seeds decreases to 5 mg. The small-angle X-ray diffraction (SAXRD) pattern shows two well-resolved diffraction peaks at 2.31° and 3.89°, corresponding to the 100 and 110 reflections of the 2D hexagonal mesostructure (space group, p6mm) with a unit cell parameter of 4.38 nm ( Figure 1D ). TEM images along with the corresponding fast Fourier transform (FFT, Figure 1E ,F) show that the nanorod domains possess highly ordered mesopore structures. The FFT patterns of the ordered mesopores along the [110] and [001] zone axes show that the mesostructure of the nanorods is a simple 2D hexagonal structure (p6mm), consistent with the results from SAXRD patterns. N 2 sorption isotherms of the obtained asymmetric diblock SiO 2 &EPMO nanorods exhibit typical type-IV curves with a rapid increase in the adsorption branch at a relative pressure of 0.2-0.5, clearly indicating uniform mesopores ( Figure S3 of the Supporting Information). The BET surface area is as high as ≈1200 m 2 g −1 with a rather narrow mesopore size distribution at ≈2.5 nm. Figures S4 and S5 of the Supporting Information) as seeds, the asymmetric diblock mesoporous silica nanocomposites with different functionalities can be further synthesized. The functionality asymmetric nanostructures show uniform 1D "matchstick" shape with tunable length (≈50 to ≈600 nm) (Figure 2A-C; Figures S6 and S7 of the Supporting Information). The nanocomposites retain the morphology of the diblock asymmetric structure with a functional nanocrystal on one side of the nanorods. In addition, the asymmetric mesoporous nanorods can also exhibit unique magnetic, near-infrared (NIR) absorption, and NIRto-UV/vis (UV/vis = ultraviolet/visible) upconversion property (Figures S8 and S9 of the Supporting Information). After the dense SiO 2 seed cores are selectively etched, the morphology of the asymmetric mesoporous nanocomposites can be transferred to rattle spheres with a handle (yolk@shell&PMO structure, Figure 2D ,E).
Here, the degradation-restructuring induced anisotropic epitaxial growth strategy is demonstrated in the fabrication of 1D asymmetric mesoporous nanostructure ( Figure 3A) . Starting from the indispensable silica-based nanoseeds, the CTAB surfactants first absorb on the surface of the initial SiO 2 nanoparticles (Step 1), then experience a long term degradation process in the CTAB solution under an alkaline condition (Step 2). After the organosilane is introduced (Step 3), the hydrolyzed organosilica oligomers coassemble with predegraded silicate species in the first step to heterogeneously nucleate on the surface of the initial seeds (Step 4). Finally, the 1D mesoporous nanorods obtained through anisotropic growth of mesopores from the initial seeds to form the asymmetric diblock nanocomposite in solution (Step 4). In this procedure, there are two key points for the growth of the asymmetric nanorods. The first one is the indispensable silica seed cores. It can be observed that the solution turns to typical turbidity after adding organosilane precursors for 10 min, indicating that the hydrolyzed organosilicate oligomers began to heterogeneous nucleate on the surface of the initial SiO 2 seeds ( Figure 3B ). On the contrary, the clear solution maintained longer time (>30 min, Figure 3C ) after the introduction of the organosilane in the absence of the seeds, suggesting that the surface of the silica seeds can induce the cross-linking and polymerization of the organosilane precursors and much higher homogeneous nucleation energy barrier needs to be overcome ( Figure 3D , red line). Due to the differences in the nucleation/growth monomer concentration (C) and nucleation time (t) between the homogeneous and heterogeneous nucleation models, the polydispersed nanospheres are obtained in the absence of the initial dense SiO 2 seeds ( Figure S10 of the Supporting Information). The second key point for the formation of the asymmetric mesoporous nanorods is the degradation and restructuring process of the silica-based nanoseeds. The degradation of the silica-based nanoseeds is realized by maintaining the initial dense SiO 2 seeds in CTAB solution under the alkaline condition for a long term before the addition of organosilane precursors. It is found that the color of the seed solution gradually faded before the addition of the organosilane ( Figure S11 of the Supporting Information). The diameter of the seeds increases first and reduces afterward ( Figure 3E ; Figure www.advmat.de www.advancedsciencenews.com radius can be attribute to the absorption of the surfactants on surface of the silica seeds. For the reduction of the hydration radius, we consider that the seeds are gradually degraded by CTAB molecules under the alkaline condition, which could also be directly reflected by color fading of the solution. Together with the posthydrolyzed CTAB/organosilicate micelles, the degraded CTAB/silicate composites from the initial silica seeds can be coassembled and nucleated on the surfaces of the seeds with a low energy barrier through a heterogeneous nucleation process ( Figure 3D ). After the nucleation site is formed, www.advmat.de www.advancedsciencenews.com the growth manner of nanoparticles is determined by p6mm hexagonal mesostructure, and 1D mesoporous nanorods anisotropically grow from the seeds according to the classical island growth mode of Volmer-Weber. [45, 46] To certify this degradation-restructuring induced anisotropic epitaxial growth mechanism, the organosilane precursor was introduced immediately after the seed solution was prepared. By contrast, the posthydrolyzed CTAB/organosilicate micelles could assemble to cubic mesostructured (pm-3n) nanocubes to form the Janus nanoparticles in the absence of the degraded CTAB/silicate species from initial seeds ( Figure S13 of the Supporting Information). [40] Furthermore, the length and width of the 1D nanorod domain increase as the seeds degradation time extending. Correspondingly, the diameter of the sphere domain in the asymmetric diblock nanocomposite is decreased, indicating that more SiO 2 species are degraded from the initial silica seeds and coassembled with the posthydrolyzed CTAB/ organosilicate micelles to form the 1D mesoporous nanorods ( Figure S14 of the Supporting Information). It deserves to mention that the diblock asymmetric mesoporous nanorods cannot be obtained if the size of the initial seeds is smaller than ≈50 nm, because the SiO 2 nanospheres can be exhausted totally before they are used as a seed and core for the epitaxial growth of hexagonal p6mm mesostructured 1D nanorods ( Figure S15 of the Supporting Information).
Elemental mapping of the diblock Au-NR@SiO 2 &EPMO nanorods clearly shows the composition and geometry of the asymmetric nanostructure ( Figure S16 of the Supporting Information). All the expected elements, including silicon (Si) (from the PMO frameworks, dense SiO 2 seeds), carbon (C) (from the PMO and residual organic surfactant templates), and gold (Au) (from the Au nanorod) can be detected and match well with the relative positions in the asymmetric nanorods. Due to representative organic-inorganic hybrid mesostructure of PMOs, C element is homogeneously distributed in the entire diblock nanocomposites, indicating that the postforming CTAB/organosilicate micelles not only participate in the self-assembly of rod-like micelles to form the 1D nanorods, but also work as the shell precursor coated on the surface of the initial silica seeds. So, the morphology of the asymmetric nanorods can be transferred to yolk@shell&EPMO structure after the dense SiO 2 nanosphere seeds are selectively etched ( Figure 2D,E) .
PMOs are the most representative hybrid mesoporous materials with the organic/inorganic components completely and homogeneously distributed over the whole frameworks at the molecular level. [47] Due to the constitution diversity of organosilica precursors, the physical/chemical properties and corresponding functions of PMOs can be easily tuned by introducing adequate organic groups homogeneously within the mesoporous frameworks. In this paper, the composite of the asymmetric nanocomposites can be tuned by using different silica precursors ( Figure S17 of the Supporting Information), such as 1,2-bis(triethoxysilyl)-ethane, 1,4-bis(triethoxysilyl)benzene, and TEOS. The degradation-restructuring induced anisotropic growth of mesopores can be further extended to the fabrication of triblock asymmetric mesoporous nanocomposites Fe 3 O 4 @mSiO 2 &EPMO&BPMO by using the silica-based Fe 3 O 4 @mSiO 2 &EPMO Janus nanoparticles [41] as the seeds (Figure 4A) . The triblock mesoporous nanocomposites are composed by three domains: Fe 3 O 4 @mSiO 2 nanosphere with radial mesopores, EPMO nanocube with pm-3n cubic mesostructure, and BPMO (benzene bridged periodic mesoporous organosilica) nanorod with hexagonal p6mm mesostructure. The framework of the three domains can be doped with diverse organic groups by choosing different silica precursors. The length of the hexa gonal mesostructured (p6mm) 1D nanorods can be well tuned from ≈50 nm to ≈2 µm ( Figure 4B www.advmat.de www.advancedsciencenews.com nanorod (BPMO) and Janus (Fe 3 O 4 @mSiO 2 &EPMO) domains of the triblock asymmetric mesoporous nanocomposites, the nucleation sites of the p6mm hexagonal mesostructured BPMO 1D nanorods are mainly on the surface of the core@ shell Fe 3 O 4 @mSiO 2 nanospheres (Figure 4D) , only a small part of the nanorods nucleate on the surface of EPMO nanocubes. We considered that the priority growth of the nanorods on the nanosphere domain is mainly resulted from the framework composition similarity between the nanosphere domain and the nanorod domain. The mSiO 2 experiences a degradation process and further restructures with the posthydrolyzed organosilica oligomers to form the nanorods and new mesoporous shells on the surface of the core-shell Fe 3 O 4 @mSiO 2 nanospheres, which means that the compositions of the new shells on the surface of the Fe 3 O 4 @mSiO 2 nanosphere and nanorod are quite similar.
Compared with conventional symmetric structure (e.g., core@shell structure), the obtained mesostructured multiblock asymmetric nanocomposites possess the following advanced characters: larger aspect ratio and functionality asymmetric, which can provide longer diffusion path for guest molecules and further induce the lower leakage for guest molecules and possibility for the controllable release without the assistance of postintroduced switches. As a proof of concept, the obtained diblock Au-NR@SiO 2 &EPMO asymmetric nanorods are further applied to nano-biomedicine for photothermal triggered drug controllable releasing. The obtained diblock Au-NR@ SiO 2 &EPMO asymmetric nanocomposites can be well dispersed in water and exhibit unique NIR absorption at ≈800 nm, which is located in the biological window with a high tissue penetration ( Figure 5A ). In addition, the diblock Au-NR@ SiO 2 &EPMO asymmetric nanocomposites can exhibit heat generation property under the NIR irradiation ( Figure 5B,C; Figure S18 of the Supporting Information). Rapid photothermal heating occurs upon irradiation by a low power density (0.5 W cm −2 ) at a concentration of 50 µg mL −1 . When the concentration increases to 200 µg mL −1 , the temperature can be increased to as high as ≈85 °C, which is much higher than the tolerance temperature of cancer cell (45-50 °C) . The viability of HeLa cells after exposure to the asymmetric diblock Au-NR@ SiO 2 &EPMO nanocomposites at different concentrations are evaluated by cell counting kit-8 (CCK-8) assay ( Figure S19A of the Supporting Information). The viabilities of the cells are retained at more than 95% even when the nanocomposite concentration increases to 200 µg mL −1 , indicating the high biocompatibility of the asymmetric nanocomposites.
In order to evaluate the resist-leakage ability of the obtained asymmetric 1D diblock mesoporous Au-NR@SiO 2 &EPMO nanocarriers, the symmetric core@shell@shell structured Au-NR@SiO 2 @EPMO nanospheres with a diameter of ≈350 nm ( Figure 5D ,E) are synthesized for comparison. Doxorubicin (DOX) is selected as a model drug and loaded in the silica mesopore channels of the 1D asymmetric nanorods and symmetric core@shell@shell structured nanospheres. The loaded guests in the nanocarriers with isotropic sphere shape are much easier leaked from the mesopores compared with the asymmetric 1D diblock nanocarriers during the postwash step due to the relative shorter diffusion path of the mesochannels. The loading capacity of DOX molecules in the asymmetric 1D nanorods (≈98 mg g −1 ) is higher than in the symmetric core@ ). The free diffusion releasing of the guest molecules from the nanocarriers can further provide the proof for the superiority of the 1D asymmetric nanostructure ( Figure 5F ). It can be seen that the releasing speed of the guest molecules in the 1D nanocarriers is much slower than that of the symmetric core@shell structures and the diffusion equilibrium concentration is also lower. Here, we consider that the asymmetric 1D mesoporous nanostructure with a longer diffusion path contributes to guest molecule resist-leakage. Combined with the asymmetric structure in functionality, the diblock Au-NR@SiO 2 &EPMO nanocomposites can be further used in the NIR light controllable releasing ( Figure 5G ; Figure S20 of the Supporting Information). The burst releasing is observed upon NIR irradiation, subsequently, the rate slows down after the laser is switched off. The cumulative release of DOX can reach more than 70% after a few times burst releasing under the 800 nm irradiation, which is much higher than that in the free diffusion releasing (≈20%). The stepwise triggered rapid DOX releasing with NIR irradiation can be ascribed to the asymmetric photothermal distribution in this function asymmetric 1D structure. After the nanocarriers are exposed to the NIR light, the Au-NR located on only one side of the 1D mesoporous nanorod can transfer the energy of light to heat due to the surface plasmon resonance effect of Au-NRs. Like the working principle of thermometers, the temperature gradient is formed in the 1D mesoporous nanorods, and the thermal conduction along the nanorods can drive the releasing of the guests from the mesoporous silica channels ( Figure 5G, inset) . Combining with the photothermal effect of Au-NRs and thermal-induced controllable releasing of the drug molecules, the cancer cell killing efficiency can be significantly enhanced to more than 70% ( Figure S19B of the Supporting Information).
In conclusion, the asymmetric diblock and triblock (SiO 2 &EPMO, SiO 2 &BPMO, SiO 2 &EPMO&BPMO, etc.) 1D mesoporous nanorods with highly ordered mesopore arrays have been successfully fabricated on the basis of the novel degradation-restructuring induced anisotropic epitaxial growth strategy. The asymmetric diblock nanostructure is composed of dense SiO 2 nanospheres located only on one side of the 1D nanorods, which are the closely connected hexagonal p6mm mesoporous silica nanorods with uniform controllable sizes (length, ≈50 nm to ≈2 µm) and high surface areas of ≈1200 m 2 g −1 . Furthermore, the triblock asymmetric mesoporous materials composed by cubic mesostructured nanocube (space group, pm-3n), nanosphere with radial mesopores, and hexagonal mesostructured (space group, p6mm) nanorod can also be fabricated. In addition, the framework composites of each block can be well controlled (EPMO, BPMO, pure SiO 2 , etc.). The asymmetric diblock and triblock structured mesoporous nanocomposites can be further functionalized with different inorganic nanocrystals (Fe 3 O 4 , UCNPs, Au nanorods). Owing to the high surface area, unique highly ordered 1D mesopore channels, and functional asymmetry, the obtained asymmetric diblock Au-NR@SiO 2 &EPMO mesoporous nanocomposites can be used as an ideal nanocarrier for the photothermal-induced controllable releasing of the drug molecules. The well-designed drug delivery system exhibits superior performance compared with the conventional symmetric core@shell structure in the leakage resistance, loading capacity (increased ≈30%) and cancer cell killing efficiency (≈70%). We believe that our discovery of degradation-restructuring induced anisotropic epitaxial growth strategy could lead to further development of new concepts and architectures of mesoporous nanocarriers, thus allowing more opportunities in biomedicine.
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